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E-mail address: mfontecave@cea.fr (M. Fontecave)[FeFe]-hydrogenases catalyze the protons/hydrogen interconversion through a unique di-iron active
site consisting of three CO and two CN ligands, and a non-protein SCH2XCH2S (X = N or O) dithiolate
bridge. Site assembly requires two ‘‘Radical-S-adenosylmethionine (SAM or AdoMet)” iron–sulfur
enzymes, HydE and HydG, and one GTPase, HydF. The sequence homology between HydG and ThiH,
a Radical-SAM enzyme which cleaves tyrosine into p-cresol and dehydroglycine, and the ﬁnding of a
similar cleavage reaction catalyzed by HydG suggests a mechanism for hydrogenase maturation.
Here we propose that HydG is speciﬁcally involved in the synthesis of the dithiolate ligand, with
two tyrosine-derived dehydroglycines as precursors along with an [FeS] cluster of HydG functioning
both as electron shuttle and source of the sulfur atoms.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Hydrogen metabolism in microorganisms is mediated by metal-
lo-enzymes called hydrogenases [1,2]. These enzymes can catalyze
both hydrogen oxidation, which furnishes the cell with low-poten-
tial electrons, and proton reduction, that re-oxidizes electron carri-
ers involved in fermentation or photosynthesis, according to the
reaction: H2, 2H+ + 2e. There are two kinds of ‘‘true” hydro-
gen-metabolizing enzymes: the [NiFe]- and [FeFe]-hydrogenases
[3]. A third kind, the [FeS] cluster-free- or [Fe]-hydrogenase, is only
found in methanogens where it transfers a hydride to methenyl-
tetrahydromethanopterin [4]. X-ray crystallography and FTIR spec-
troscopy have shown that the three enzymes are characterized by
complex active sites that have in common a Fe(CO)x unit, and, in
the case of [NiFe]- and [FeFe]-hydrogenases, two CN ligands
(Fig. 1) [5–9]. However, the [NiFe]- and [FeFe]-hydrogenases do
not use the same molecular strategy to link the two metal ions
of the dinuclear site: whereas two protein-bound cysteines provide
the two sulfur bridges in [NiFe]-hydrogenases, this bridge in
[FeFe]-hydrogenases is provided by a non-protein dithiolate ligand,
whose composition has not been determined experimentally but
was proposed, on the basis of X-ray crystallographic data, to be
SCH2XCH2S, with X being either nitrogen, oxygen or carbonchemical Societies. Published by E
.[10]. Because of the potential role of an amine group in proton traf-
ﬁcking, we consider the ﬁrst hypothesis as the most likely [9].
It is generally accepted that complex biological metal active
sites require a speciﬁc machinery for synthesis and assembly. This
has been well illustrated in the case of the assembly of [FeS] clus-
ters [11,12] or in the case of the maturation of nitrogenase [13].
[NiFe]-hydrogenase active site assembly is rather well understood
mostly thanks to the work of Böck et al. and Friedrich et al. [14,15].
For example, the synthesis of the two CN ligands from carbamoyl
phosphate has been elucidated both functionally and structurally
[16,17]. It is not possible to express active [NiFe]-enzymes heterol-
ogously even in Escherichia coli that has three hydrogenases of its
own [18]. This is probably due to the fact that the active site is
assembled directly in the apo-hydrogenase and it involves several
gene products that have become speciﬁc for each hydrogenase. Lit-
tle is known about the maturation of the [Fe]-hydrogenase. Biosyn-
thesis of the active site of [FeFe]-hydrogenases is the subject of this
Hypothesis paper.
Like in the case of [NiFe]-hydrogenase, heterologous expression
of the two structural genes of [FeFe]-hydrogenase from Desulfovib-
rio vulgaris in E. coli yielded an inactive enzyme [19]. Only the two
ferredoxin-like [Fe4S4] clusters were unambiguously shown to be
assembled [19]. However, in a recent report, the recombinant
[FeFe]-hydrogenase from Chlamydomonas reinhardii, that lacks
the ferredoxin-like clusters, was shown to be inactive but to con-
tain the H-cluster [Fe4S4] component. This strongly suggests thatlsevier B.V. All rights reserved.
Fig. 1. Active sites of hydrogenases [8,9].
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binuclear iron sub-cluster (Fig. 1) [20]. A signiﬁcant breakthrough
was achieved by Ghirardi et al. who in 2004 reported two genes in
the green alga C. reinhardii, called hydEF and hydG, that when co-
expressed with the structural genes hydA1 and hydA2 in E. coli
led to active [FeFe]-hydrogenases [21]. In C. reinhardii, hydEF is a
fusion of two genes that are separated in other organisms. Thus,
hydE, hydF and hydG genes are generally common to microorgan-
isms that possess a [FeFe]-hydrogenase [14]. HydE and HydG pro-
teins belong to the recently characterized ‘‘Radical-S-adenosyl-L-
methionine (SAM or AdoMet)” family [22,23] whereas HydF is a
GTPase [24]. Radical-SAM enzymes generally catalyze chemically
difﬁcult reactions such as C–H to C–S bond formation, for example
during biotin or lipoic acid synthesis [25], and glycyl radical forma-
tion during the activation of ribonucleotide reductase (RNR) or
pyruvate-formate lyase (PFL) [26]. The one-electron transfer from
a conserved [Fe4S4] cluster to AdoMet generates methionine and
the highly oxidizing 50-deoxyadenosyl radical, Ado. Ado then ini-
tiates the enzymic reaction by extracting a hydrogen atom from
the substrate to form AdoH generating, in the process, a reactive
substrate-based radical species. AdoMet can act either as a cata-
lytic cofactor, like in Lysine 2,3-aminomutase (LAM), or as a co-
substrate like in RNR and PFL activases. The two gene products
HydE and HydG have [FeS] clusters chelated by the CX3CX2C motif
typical of Radical-SAM proteins [23]. HydG, along with HydE in
some organisms, have a second [FeS] cluster. The X-ray structure
of HydE from Thermotoga maritima, which has the second [FeS]
cluster, has shown that it is located at the molecular surface and
can coordinate variable amounts of Fe and sulﬁde [27]. Reconsti-
tuted recombinant HydF from T. maritima was also shown to con-
tain an [FeS] cluster, which can be coordinated by exogenous
ligands such as imidazole [24]. The chemically reconstituted clus-
ter was found to be an [Fe4S4] cubane but in vivo it might be a
[Fe2S2] center instead.
Signiﬁcant efforts have been made in order to elucidate the role
of the three maturases in the synthesis and assembly of [FeFe]-
hydrogenase active site. Peters et al. have shown that recombinant
HydE, HydF and HydG from Clostridium acetobutylicum are required
to synthesize and assemble the active site utilizing E. coli metabo-
lites [20]. More recently, using puriﬁed proteins, they also showed
that inactive recombinant hydrogenase can be activated by HydF
alone [28]. Intriguingly, the GTPase activity of this enzyme was
not required for active site transfer to hydrogenase. Peters et al.
have also hypothesized that the diatomic CO and CN ligands are
made from glycine although this activity was not assigned to any
maturase in particular [29]. Our own structural studies of HydE
have shown that this protein has three, evenly spaced, anion-bind-
ing sites in a large cavity, inside the (ab)8 barrel [27]. One of these
sites binds SCN with good afﬁnity. Docking experiments suggest
that one of the other sites could bind carboxylate functions [27].
Under our crystallization conditions, HydE binds neither glycine,
nor CN.
The two Radical-SAM proteins HydE and HydG have signiﬁcant
amino acid sequence homologies with BioB (that inserts an S atom
in dethiobiotin) and ThiH (that generates dehydroglycine (DHG), aprecursor in thiazole biosynthesis, and p-cresol), respectively [30].
In E. coli, ThiH generates DHG from L-tyrosine. Inspired by the
extensive sequence homology between these two Radical-SAM
proteins (Fig. 2A) we have monitored the tyrosine-dependent con-
sumption of AdoMet and the production of p-cresol by HydG
(Fig. 2B). Our results indicate that, like ThiH, HydG can generate
DHG from tyrosine. This, in turn, has led us to propose a mecha-
nism, described below, for the synthesis of dithiomethylamine
(DTMA).2. Amino acid sequence comparison of HydG and ThiH
A close protein sequence comparison of HydG with other mem-
bers of the Radical-SAM protein family, using the approach of Nico-
let and Drennan [31], indicates that the latter and ThiH are among
the most closely related members with 27% identity (as compared
to 23% between HydE and BioB). They are also likely to belong to
the subclass of Radical-SAM proteins characterized by a complete
TIM-barrel and a buried active site suitable for small substrates
[27]. Surprisingly, and contrary to the other members of the family,
HydG and ThiH have similar patches of conserved amino acids
mostly found at the internal faces of the b-strands that deﬁne
the barrel (Fig. 2A). Consequently, they are likely to be responsible
for both substrate binding and reactivity. Indeed, 35% of the iden-
tities between HydG and ThiH correspond to strictly conserved res-
idues in all the known amino acid sequences of both families. In
addition, they are located at the strands (Fig. 2A) and are not in-
volved in AdoMet binding and cleavage. These observations
strongly suggest similar substrates and similar functions for both
proteins. Furthermore, the conserved stretches deﬁne a cavity
spanning the barrel as observed in the HydE and BioB structures
[27,32].
As shown in Fig. 2A, HydG has an additional segment of about
90 residues at the C-terminal end that does not belong to the
TIM-barrel folding, typical of Radical-SAM proteins. This addition,
starting at residue 383, contains the CysX2CysX22Cys motif, which
was shown by site-directed mutagenesis to be essential for activity
and proposed to provide the cysteine thiolates to coordinate a sec-
ond cluster [33]. According to the secondary structure assignments
of Fig. 2A, the CysX2CysX22Cys motif should be located at the bot-
tom of the barrel (opposite to the active site, see Fig. 3). This, in
turn, implies that product migrates from the active site at the
top of the barrel to the [FeS] cluster at its bottom.3. HydG-catalyzed cleavage of tyrosine
HydG was previously shown to reductively cleave AdoMet into
50-deoxyadenosine (AdoH) and methionine in the absence of sub-
strate, provided it is anaerobically incubated with dithionite as a
reducing agent [23]. Substrate-independent AdoMet cleavage is
commonwithin Radical-SAM enzymes, as shown in the case of Bio-
tin Synthase [34], the activating component of ribonucleotide
reductase [35] or the spore photoproduct lyase [36]. In all cases,
the reaction is greatly accelerated upon addition of the speciﬁc
substrate. This results from the coupling of a thermodynamically
uphill process (the homolytic cleavage of AdoMet to the highly
energetic 50-deoxyadenosyl radical, Ado) to a thermodynamically
favorable one (the substrate S–H hydrogen atom abstraction by
Ado). Indeed, the bond dissociation energy of AdoH
(100 kcal mol1) is larger than that of S–H. The substrate-induced
stimulation effect was thus used in the case of HydG as a probe
for screening potential substrates. The remarkable homology be-
tween ThiH and HydG prompted us to focus on amino acids, espe-
cially tyrosine, and its precursor hydroxyphenyl pyruvate (HPP).
The results displayed in Fig. 2B lead to two important observations.
Fig. 2. Sequence and functional similarities between HydG and ThiH. (A) Amino acid sequence alignment and secondary structure elements assignment of HydG from T.
maritima and ThiH from E. coli. The numbers correspond to the HydG sequence. Only the secondary structure elements corresponding to the (ab)8 barrel are depicted
(nomenclature as in [31]). Letters depicted in red indicate sequence similarities whereas white letters in red squares indicate sequence identities between the two proteins.
The green circles indicate amino acids that are strictly conserved either in HydG or ThiH. The orange circles indicate amino acids with side chains pointing at the barrel
interior, thus putatively lining the active site cavity. The yellow rectangles indicate the positions involved in AdoMet binding conserved among all the Radical-SAM Proteins.
The region equivalent to the lid loop in BioB and HydE is highlighted in purple. The predicted extra strand after helix a8, equivalent to the one observed in the HydE structure
[27] is depicted as a green arrow. The strictly conserved CysX2CysX22Cys sequence of HydG putatively responsible for the binding of the second [FeS] cluster is also
highlighted (orange boxes). (B) HydG catalyzes AdoMet-dependent conversion of tyrosine to p-cresol. (a) AdoH production by reconstituted HydG from Thermotoga maritima
puriﬁed as previously described [23]. Conditions: 5 lM HydG in Tris/HCl, pH 8.0 at 45C, 200 lM SAM, 3 mM sodium dithionite, 1 mM DTT in the presence (left) or the
absence (right) of 10 lM of tyrosine. AdoH production was analyzed by reverse phase HPLC using Zorbax SB-C18, developed as previously described [23]. (b) The
chromatogram shows the product of the reaction in the presence (solid line) or in the absence (dashed line) of tyrosine. The thin and dotted lines represent the p-cresol and
the tyrosine standard, respectively. (c) The structural identiﬁcation of p-cresol was conﬁrmed by HPLC-mass spectrometry analyses showing the presence of a pseudo-
molecular ion at m/z = 107 ([M–H]). *The absolute values signiﬁcantly vary from one enzyme preparation to another but the tyrosine-dependent stimulation factor is 5 ± 1.
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bic mixture speciﬁcally results in a 5-fold stimulation of AdoH for-
mation (panel a in Fig. 2B) whereas other molecules such as
phenylalanine, HPP or glycine had no effect (data not shown). Sec-
ond, a new peak appears in the HPLC elusion proﬁle of the reacted
solution at a time identical to that of p-cresol (b in Fig. 2B). We
checked that this peak is not an impurity of tyrosine and that is ab-sent from the chromatograms obtained with reaction solutions in
which tyrosine was omitted (b in Fig. 2B). The presence of p-cresol
in the reacted mixture was conﬁrmed by liquid chromatography
associated with electrospray mass spectrometry. In the negative
ionization mode, p-cresol yields an intense [M–H] peak at m/
z = 107. By monitoring the chromatographic elution proﬁle with
the mass spectrometer locked on this mass, we observed a peak
Fig. 3. Assembly of the di-iron active site in [FeFe]-hydrogenase. Assuming that HydG is responsible for the synthesis of DTMA (see Scheme 1), the three cysteine thiolates of
the 90-residue long insertion domain (depicted in green) could bind a Fe2DTMA motif and through a conformational change (maybe coupled to GTP hydrolysis) transfer it to
HydF (shown in yellow). We speculate that the CO and CN ligands are synthesized by HydE and then transferred to HydF. The last step is the transfer of the fully assembled
active site to apo-hydrogenase.
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mass spectrum of this peak recorded in the 90–140 uma range
exhibited a clear pseudo-molecular ion at m/z = 107 (panel c in
Fig. 2B). These results unambiguously demonstrate that: (i) tyro-
sine is very likely the substrate of HydG; (ii) HydG catalyzes the
AdoMet-dependent cleavage of tyrosine into p-cresol. They thus
extend the sequence homology of HydG and ThiH to a remarkable
functional similarity, which provides a solid basis for the mecha-
nistic working hypothesis developed below.
4. Formation of the dithiomethylamine bridging ligand of
HydA: the implication of HydG-catalyzed tyrosine cleavage
In the following we propose that HydG is the site for the synthe-
sis of DTMA and that tyrosine is its sole precursor. HydG has been
shown to contain two [FeS] clusters by Fe and S analyses, site-di-
rected mutagenesis and preliminary spectroscopic characterization
[23,33]. However, because of the limited solubility and signiﬁcant
instability of the recombinant protein, deﬁnitive identiﬁcation of
the type of clusters present has not been possible. Because HydG
is a Radical-SAM enzyme, one of these two clusters should corre-
spond to the [Fe4S4] center, coordinated by the three cysteines of
the CX3CX2C conserved motif and the amino-carboxylate moiety
of AdoMet. Here we have assumed that the second cluster is a
[Fe2S2] center chelated by the cysteines of the CX2CX22C conserved
motif among HydG’s [23] but we cannot exclude that this motif
coordinates a [Fe4S4] cluster instead.
The proposed reaction mechanism is shown in the Scheme 1. As
in all Radical-SAM enzymes the reaction is initiated by the reduc-
tive cleavage of AdoMet, generating the radical Ado species. On
the basis of the structural and functional similarity between HydG
and ThiH and the observations reported above, we propose that
Ado converts tyrosine (1; compounds are numbered as in the
Scheme 1) into p-cresol (2) and dehydroglycine (DHG) (3), as re-
cently shown to be the case with ThiH [30]. The following stepsconsist in the synthesis of DTMA (10) that requires the decarbox-
ylation of two DHG molecules and the concomitant release of
ammonia. It is proposed that the [Fe2S2] cluster serves both as a re-
dox buffer and as a scaffold on which the organic chemistry takes
place. Because of its strong electrophilic character, each DHG mol-
ecule will be attacked by a sulﬁde ion from the cluster. It is note-
worthy that in the case of ThiH, DHG has also been proposed to
react with a sulfur atom, a thiolate intermediate derived from
the reaction between cysteine and 1-deoxylulose-5-phosphate
[37]. We propose that in HydG this process occurs twice thus gen-
erating a doubly alkylated cluster intermediate (4 and 5). One of
the DGH-derived S-bound species then undergoes a decarboxyl-
ation reaction, assisted by the reduction of the two cluster ferric
ions. The decarboxylation of the remaining DGH-derived S-bound
species cannot take place at stage 6 because electron acceptors
are no longer available. However, the ﬁrst decarboxylation step
generates an iminium group in the corresponding S-bound alkyl
moiety, which can now be attacked by the nucleophilic amino moi-
ety of the second DGH-derived S-bound species (6 to 7). Subse-
quent loss of NH3 (7 to 8) provides a driving force for the
favorable b-elimination of the remaining carboxylate moiety as
CO2 (8 to 9). Finally, formation of DTMA (10), requires two protons
and two electrons, the latter being provided by the two ferrous
ions of the cluster.
In the above proposal we have assumed that the cluster ligand
in [FeFe]-hydrogenase is DTMA, that is, it contains a bridgehead
nitrogen atom. However, even though we favor this alternative
on functional grounds, we cannot exclude that this ligand is a
dithiomethylether as already suggested from theoretical calcula-
tions [38]. If this is the case the same mechanism would apply,
with the favorable hydrolysis of DHG to glyoxylate at an early stage
of the process. Alkylation of the cluster sulfur bridges by glyoxy-
late, decarboxylation, dehydration, instead of deamination, and
reduction would proceed as in the Scheme 1. On the other hand,
our hypothesis rules out C as the bridgehead atom because there
Scheme 1. Proposed mechanism for HydG-dependent synthesis of the bridging dithiolate ligand.
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DHG.
5. Conclusion
HydF, isolated from an E. coli strain expressing all three matura-
tion proteins, HydE, HydG and HydF, has been very recently shown
to confer hydrogenase activity to the inactive recombinant HydA,
that lacks the binuclear iron sub-cluster [28]. This observation sug-
gests that HydA maturation involves HydE and HydG acting on
HydF to assemble an active site precursor containing all the non-
protein ligands of the binuclear iron sub-cluster which is subse-
quently transferred to HydA to effect activation. Here we propose
that HydG is responsible for the synthesis of the DTMA ligand from
DHG. All the steps of the synthesis take place with the reactants
bound to the second [FeS] cluster as a support. We thus suggestthat the DTMA-bridged cluster is transferred as a whole to HydF,
which has been shown to contain a site for coordinating a [FeS]
cluster. Such a transfer could occur through substitution reactions
in which cysteines of HydF displace cysteines of HydG, as proposed
for [FeS] cluster transfer from scaffold proteins to apo-protein tar-
gets during the maturation process of [FeS] proteins [39]. As a con-
sequence we also postulate that HydE is responsible for the
synthesis of CO and CN ligands, which are then transferred to HydF
to generate a complete, functional active site to be transferred to
HydA (Fig. 3). This assumption is based on the X-ray structure of
HydE that displays three anion-binding sites, one of which binds
SCN with good afﬁnity [27].
One remarkable aspect of our mechanism is that the synthesis
of DTMA from two DHG molecules proceeds by well-established
chemical steps using a pre-assembled [Fe2S2] cluster (or the top
of a [Fe4S4] cluster). It also suggests a novel function for an [FeS]
E. Pilet et al. / FEBS Letters 583 (2009) 506–511 511cluster, namely the donation of a sulfur atom during electrophilic
C–S bond formation. In the case of the Radical-SAM enzymes BioB,
LipA and MiaB the second cluster has been proposed to function
also as a sulfur donor but during a radical reaction [40].
This hypothesis makes two predictions that could, in principle,
be tested in the laboratory: (i) HydG should evolve CO2 as a result
of the two decarboxylating reactions; (ii) if ammonia is evolved by
HydG this could also be monitored. The exact role of HydE remains
elusive. We are currently involved in a concerted effort to identify
plausible precursors of CO and CN synthesis both crystallograph-
ically and in solution.
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